1. Introduction {#sec1}
===============

Glutamate is a major excitatory neurotransmitter of the mammalian retina, and its uptake is essential for neurotransmission at glutamatergic synapses \[[@B1]\]. In the mammalian retina, five subtypes of glutamate transporter are expressed \[[@B2]\]. Among them, glutamate/aspartate transporter (GLAST) is expressed only in Müller cells, and it removes glutamate from the extracellular space \[[@B3]--[@B6]\]. This system contributes to glutamate homeostasis in the retina. Therefore, deficient or dysfunction of GLAST leads to elevation of glutamate concentration in the retina.

Previous studies have shown that the glutamate uptake by GLAST into Müller cells provides a substrate for synthesizing glutathione, which is an important radical scavenger composed of a tripeptide of glutamate, cysteine, and glycine. Glutathione has a strong protective role against oxidative stress as an antioxidant in the retina. In addition, the glutamate uptake is a rate-limiting step in glial glutathione synthesis \[[@B7], [@B8]\]. Therefore, GLAST expressed in Müller cells is essential not only for keeping the extracellular glutamate concentration below the neurotoxic level but also for maintaining the glutathione levels in Müller cells by transporting glutamate into the cells and providing the substrate for glutathione synthesis.

GLAST deficient (GLAST^−/−^) mice are a recognized mouse model of normal tension glaucoma (NTG), as they demonstrate progressive retinal ganglion cell loss and optic nerve degeneration without elevated intraocular pressure and show a glaucomatous pathology, including glutamate neurotoxicity and oxidative stress in the retina \[[@B9], [@B10]\]. Previous studies regarding NTG model mice have mainly focused on the pathologic changes in the inner retina, consisting of the retinal nerve fiber layer (RNFL) and the retinal ganglion cell layer (GCL) \[[@B9], [@B10]\]. Although impaired glutathione synthesis causes oxidative stress in the whole retina \[[@B11]\], to our knowledge, no study has described the changes in the retinal layers other than RNFL and GCL. Therefore, in this study, we evaluated the changes in all retinal layers in GLAST^−/−^ mice using spectral-domain optical coherence tomography (SD-OCT). In addition, we investigated the relationship between SD-OCT findings and morphological changes evaluated by histological analyses.

In addition, glutamate is the most common trigger for neurovascular coupling (NVC) in the brain \[[@B12]\]. NVC is the mechanism whereby an increase in neuronal activity leads to local elevation in cerebral blood flow by significant vasodilation of neighboring microvessels to match the metabolic requirements of firing neurons \[[@B13]\]. Among them, astrocytes, in which GLAST is mainly expressed in the cerebellum, play a major role in the communication between activated neurons and blood vessels \[[@B14]--[@B17]\]. The function of astrocytes in NVC is reportedly related to their ability to release vasoactive messengers \[[@B18]\], such as epoxyeicosatrienoic acids \[[@B19], [@B20]\] and potassium \[[@B21]\], through multiple channels, such as large-conductance Ca^2+^-activated K^+^ channels on astrocytes \[[@B22]\] or the inward rectifier K^+^ \[[@B23]\] and TRPV4 channels on microvessels \[[@B24]\]. Furthermore, pericytes, which are contractile cells on capillaries that exist in the retina and brain \[[@B25]\], contribute to vasodilation in the central nervous system. Neuronal activity and glutamate evoke the release of messengers that dilate capillaries by actively relaxing pericytes. Dilation is mediated by prostaglandin E2 but requires nitric oxide release to suppress vasoconstricting 20-hydroxyeicosatetraenoic acid synthesis. Pericytes are major regulators of the cerebral blood flow \[[@B26]\].

We therefore also evaluated whether or not the retinal blood vessels were dilated in GLAST^−/−^ mice using SD-OCT. We suspected that dilation of the retinal blood vessels in GLAST^−/−^ mice might indirectly indicate a high concentration of glutamate in the retina and that glutamate might also contribute to NVC in the retina.

2. Materials and Methods {#sec2}
========================

2.1. Experimental Animals {#sec2.1}
-------------------------

All experimental procedures performed in this study conformed to the regulations of the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Committee of Ethics for animal experiments (Approval number: M12023).

GLAST^−/−^ mice were generously provided by Dr. Takayuki Harada (Visual Research Project, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) \[[@B27]\]. C57BL/6J mice were purchased from Clea, Japan (Tokyo, Japan), and were used as wild-type controls. The mice were kept in the Hirosaki University Graduate School of Medicine Animal Care Service Facility under a cycle of 12 h of light (50 lx illumination) and 12 h of darkness (\<10 lx environmental illumination) in an air-conditioned atmosphere. Mice were given free access to food and water.

2.2. SD-OCT Examination and Fundus Photography {#sec2.2}
----------------------------------------------

SD-OCT and fundus photography were performed according to the methods previously described using a Micron® IV (Phoenix Research Labs, Pleasanton, CA, USA) \[[@B28], [@B29]\]. In brief, SD-OCT and fundus photography were carried out at 5 time points from postnatal (P) day 22 to P156 (P22, P44, P80, P114 and P156) for GLAST^−/−^ mice and at 5 time points from P22 to P148 (P22, P36, P72, P106 and P148) for C57BL/6J mice. Four to five mice were examined at a time. The mice were anesthetized with an intraperitoneal injection of a mixture of medetomidine hydrochloride (0.315 mg/kg), midazolam (2.0 mg/kg), and butorphanol tartrate (2.5 mg/kg). The pupils were dilated with the instillation of eye drops containing a mixture of 0.5% tropicamide and 0.5% phenylephrine hydrochloride. The mouse ocular fundus was simultaneously monitored by a fundus camera, and the position of the retinal SD-OCT image was set circumferentially around the optic disc by considering potential structural differences between the upper and lower hemispheres of the mouse eyes (360°; diameter, 500 *μ*m; 140 *μ*m away from the optic disc margin; [Figure 1](#fig1){ref-type="fig"}) \[[@B30]\]. The corneal surface was protected using a 1.5% hydroxyethyl cellulose solution. Fifty images were averaged to eliminate the projection artifacts. The quantitative analysis of the acquired OCT images was performed using the InSight® software program (Phoenix Research Labs). During all experimental procedures, the physical condition of the mice was frequently monitored by inspection and gentle palpation by the researchers.

2.3. The Analyses of the Retinal Layer Thickness {#sec2.3}
------------------------------------------------

We measured the thickness of the retina by dividing it into five layers. From inside, the first layer consisted of the RNFL, GCL, and inner plexiform layer (IPL); this layer is clinically regarded as the ganglion cell complex (GCC). The second layer consisted of the inner nuclear layer (INL) and the outer plexiform layer (OPL); the third layer consisted of the outer nuclear layer (ONL). The fourth layer consisted of the photoreceptor inner segment (IS) and outer segment (OS) layers. The deepest layer consisted of the retinal pigment epithelium (RPE) and choroid (S1).

Segmentation was performed using the InSight® software program (Phoenix Research Labs), as previously reported \[[@B28]--[@B30]\]. The borderlines between each sublayer were automatically identified by the software program using the SD-OCT images and were manually corrected by the researchers when necessary. The average distance (*μ*m) between each borderline was calculated using the raw data summarized in the Excel® file generated by the InSight® software program. The data obtained from both eyes of the same animal were averaged. The overall average retinal layer thickness was presented as the mean ± standard deviation.

2.4. Measurement of Diameter of the Retinal Vessels Using SD-OCT {#sec2.4}
----------------------------------------------------------------

The diameter of the retinal vessels irrespective of arteries and veins was indirectly measured using SD-OCT images. Because the retinal blood vessels have sharply demarcated shadows in the SD-OCT picture and the width of these shadows exactly corresponds to the vessel diameter, we measured the width of the vessel shadows using ImageJ® software program and expressed the value in pixels. We measured the width of all vessel shadows, regardless of whether they were arteries or veins, which appeared in each of the SD-OCT images and expressed them as the median ± quartile deviation. If the vessel shadow was not clear enough to be identified, then, it was excluded from the measurement.

2.5. Histologic Examinations {#sec2.5}
----------------------------

Histologic examinations were performed using eyes enucleated from GLAST^−/−^ mice on P67 and P128 and C57BL/6J mice on P66 and P120. Immediately after euthanasia by luxation of the cervical spine, the eyes were excised under a microscope. To prevent the possibility of artificial retinal detachment during further processing, an aliquot of 2% glutaraldehyde and 2% paraformaldehyde solution (pH 7.4) was injected into the anterior chamber or vitreous chamber through the corneal limbus. After fixation in the same solution for 2 h at room temperature, the eyeballs were refixed in 4% paraformaldehyde solution at pH 7.0 for 24 h at 4°C. Paraffin embedding, sectioning, and hematoxylin and eosin (HE) staining were performed as previously described \[[@B28], [@B30]\]. The HE-stained sections were photographed under a light microscope (DP-71; Olympus, Tokyo, Japan). The histological findings were compared to the corresponding findings from SD-OCT images.

2.6. Statistical Analyses {#sec2.6}
-------------------------

The statistical analyses of the data obtained in the present study were performed using the SPSS software program (version 22, Statistical Package for the Social Sciences, Chicago, IL, USA). The segmentation data from the two groups were compared using a two-way repeated analysis of variance (two-way repeated ANOVA) after the normality of each distribution was confirmed by the Shapiro--Wilk test. The parametric or nonparametric method was chosen depending on the presence of normality. Student\'s *t*-test was performed to analyze differences in SD-OCT segmentation between similar age groups (GLAST^−/−^ vs. C57BL/6J mice: P22 vs. P22, P44 vs. P36, P80 vs. P72, P114 vs. P106, and P156 vs. P148, respectively). The similar age groups include pairs of GLAST^−/−^ and C57BL/6J mice of birth dates within 10-day difference. The Mann--Whitney *U*-test was used to compare the diameter of the retinal blood vessels between GLAST^−/−^ and C57BL/6J mice. *P* values of \<0.05 were considered to indicate statistical significance.

3. Results {#sec3}
==========

3.1. Fundus Findings of C57BL/6J and GLAST^ −/−^ Mice {#sec3.1}
-----------------------------------------------------

The long-term changes in the fundus findings of both C57BL/6J and GLAST^−/−^ mice are presented in [Figure 1](#fig1){ref-type="fig"}. In contrast to the findings in the C57BL/6J mice (Figures [1(a)](#fig1){ref-type="fig"}--[1(e)](#fig1){ref-type="fig"}), the retinal blood vessels appeared qualitatively more dilated and pinkish in the GLAST^−/−^ mice from P22 to P114 (Figures [1(f)](#fig1){ref-type="fig"}--[1(j)](#fig1){ref-type="fig"}). Furthermore, not only the large retinal blood vessels but also retinal capillaries appeared more dilated in GLAST^−/−^ mice than in C57BL/6J mice ([Figure 2](#fig2){ref-type="fig"}). There have been no previous reports describing the characteristics of the fundus findings of GLAST^−/−^ mice. We therefore report for the first time the fundus changes of GLAST^−/−^ mice.

3.2. Qualitative and Quantitative Analyses of the Retinal Layer Obtained by SD-OCT {#sec3.2}
----------------------------------------------------------------------------------

We analyzed the SD-OCT images of both C57BL/6J and GLAST^−/−^ mice in order to qualitatively characterize the SD-OCT findings ([Figure 3](#fig3){ref-type="fig"}). Typical SD-OCT findings in C57BL/6J mice obtained from P22 to P148 are shown in Figures [3(a)](#fig3){ref-type="fig"}--[3(e)](#fig3){ref-type="fig"}. The SD-OCT findings in GLAST^−/-^ mice obtained from P22 to P156 are shown in Figures [3(f)](#fig3){ref-type="fig"}--[3(j)](#fig3){ref-type="fig"}. There were no marked differences in the reflectivity of each retinal layer between the two mouse groups throughout the observation periods.

It was previously shown that the GCC was thinner in GLAST^−/−^ mice than in wild-type mice due to the loss of RGCs and thinning of the RNFL \[[@B9]\]. To confirm this observation, we longitudinally and quantitatively analyzed the SD-OCT features in both groups. The results obtained are shown in [Figure 4](#fig4){ref-type="fig"}. There were no statistically significant differences in the thickness of the sublayers of INL + OPL, IS/OS, or RPE + choroid layers at any time point between GLAST^−/−^ and C57BL6J mice. However, the thickness of the retinal layers (GCC and ONL) in the GLAST^−/−^ mice was significantly thinner than in the C57BL/6J mice at all time points after P80. The tendency toward thinning of the GCC corresponded with the results of histologic analyses, although the thinning in the ONL was not obvious in the histologic sections ([Figure 5](#fig5){ref-type="fig"}).

3.3. Quantitative Analyses of the Retinal Blood Vessels Diameter {#sec3.3}
----------------------------------------------------------------

To confirm whether the retinal blood vessels are more dilated in GLAST^−/−^ mice than in C57BL/6J mice as shown in [Figure 1](#fig1){ref-type="fig"}, we indirectly measured the diameter of the retinal blood vessels including both arteries and veins using SD-OCT. Because the vessel shadows appeared to correspond to the diameter of the blood vessels, we measured the width of the vessel shadow using the ImageJ® software program. A typical SD-OCT picture and measurement image by ImageJ® is presented in [Figure 6](#fig6){ref-type="fig"}. The longitudinal changes in the median of the diameter in the retinal blood vessels are shown in [Figure 7](#fig7){ref-type="fig"}. As expected, the median of the diameter in the retinal blood vessels was wider in GLAST^−/−^ mice than in C57BL/6J mice. There were statistically significant differences between the two groups at all time points after P44 ([Figure 7](#fig7){ref-type="fig"}), indicating that the retinal blood vessels of GLAST^−/−^ mice are more dilated than those of wild-type mice. As shown in [Figure 7](#fig7){ref-type="fig"}, the retinal blood vessel diameter became largest at P80, and then gradually decreased afterword. The degree of change in the median of the diameter was 30.0% from P80 to P156 in GLAST^−/−^ mice, whereas that in control mice was 21.9% decrease during the same period.

4. Discussion {#sec4}
=============

In this study, we first showed the dilation of the retinal blood vessels and thinning of the ONL in GLAST^−/−^ mice, in addition to the thinning of the GCC that has previously been reported \[[@B9], [@B27], [@B31]\]. Many reports have been published concerning GLAST^−/−^ mice since Watase et al. first reported GLAST mutant mice in 1998 \[[@B32]\]. In the retina, GLAST is expressed in Müller cells and maintains glutamate homeostasis by taking up extracellular glutamate released for glutamatergic neurotransmission in the retina \[[@B1]\]. In GLAST^−/−^ mice, both excitotoxicity and oxidative stress may lead to RGC degeneration. GLAST is essential not only for keeping the extracellular concentration of glutamate below the neurotoxic level but also for maintaining the glutathione levels in Müller cells by transporting glutamate into the cells. Glutamate functions as a substrate for glutathione synthesis. Because glutathione has a central role in protecting retina against oxidative stress, the glutamate uptake is a rate-limiting step in glial glutathione synthesis \[[@B7], [@B8]\]. As retinal glutathione is only produced in Müller cells, the impaired glutathione synthesis in Müller cells may cause oxidative stress in the retina.

GLAST^−/−^ mice are a recognized model of NTG as they show the same morphological changes as NTG due to RGC loss \[[@B9], [@B10]\]. It was recently reported that the free-radical scavenger edaravone and the mucolytic agent N-acetylcystein suppress RGC loss in GLAST^−/−^ mice \[[@B27], [@B31]\]. There have been many other interventional studies exploring the suppression of RGC loss in GLAST^−/−^ mice as well \[[@B33]--[@B35]\].

In the present study, we confirmed the previously reported characteristic thinning of GCC using SD-OCT. At all time points after P80, significant thinning of GCC was detected on SD-OCT findings ([Figure 4](#fig4){ref-type="fig"}). Because it was hard to discriminate the RGC from RNFL by SD-OCT, we measured the GCC layer including the IPL as the superficial layer of the retina. In this regard, therefore, the SD-OCT measurement is not very sensitive as a histologic analysis. Although this may be a limitation of the SD-OCT method, this modality has an advantage over histologic analyses because it is repeatable and less invasive.

The ONL was significantly thinner in GLAST^−/−^ mice than in the wild-type mice after P80 in our study suggesting that the photoreceptors were also damaged to some extent, at least after P80. Because neither cone nor rod photoreceptors express glutamate receptors, it is unlikely that cell death was induced by the glutamate-induced excitotoxicity that may happen in the RGC. However, although the exact mechanisms are largely unknown, it is still possible that the thinning of the ONL may have resulted from photoreceptor cell damage due to oxidative stress caused by the decrease in glutathione in the retina.

Interestingly, we found that the diameter of the retinal blood vessels was significantly larger in GLAST^−/−^ mice than in wild-type mice and not only the large retinal vessels but also the retinal capillaries were dilated in GLAST^−/−^ mice compared to C57BL/6J mice. This result supports previous reports suggesting that glutamate plays a major role in NVC and vasodilation \[[@B12], [@B26]\]. Our results suggest that excess glutamate may cause dilation of the blood vessels in the retina.

Of note, GLAST^−/−^ mice are also recognized as an animal model for schizophrenia, as they exhibit behavioral abnormalities simulating the positive symptoms of schizophrenia \[[@B36]--[@B38]\]. Schizophrenia is a serious mental disorder that affects up to 1% of the general population worldwide; however, the exact neurochemical mechanisms involved remain unknown \[[@B39]\]. Regarding the etiology, although various hypotheses have been proposed, the glutamate theory is one of the main hypotheses that have been offered \[[@B39], [@B40]\]. The glutamate hypothesis is based on the finding that antagonists of the N-methyl-d-aspartate (NMDA) receptors induce schizophrenia-like symptoms in healthy individuals and exacerbate symptoms in patients with schizophrenia \[[@B40]\]. In addition, many reports have shown that schizophrenia indicates abnormalities of the blood flow in the brain \[[@B41]--[@B44]\]. For example, Talati et al. noted an increased hippocampal cerebral blood volume but a normal cerebral blood flow in patients with schizophrenia \[[@B41]\]. In addition, Ku et al. found the impaired maintenance of a constant cerebral blood flow and a delayed cerebrovascular autoregulatory response in patients with schizophrenia \[[@B43]\]. These findings may suggest that schizophrenia represents the impaired autoregulation of the necessary blood supply to required sites for physiological brain activity. In the brain, GLAST and glutamate transporter-1 are the major transporters that take up synaptic glutamate in order to maintain optimal extracellular glutamate levels, thereby preventing both the accumulation of glutamate in the synaptic cleft and ensuing excitotoxicity \[[@B36]\]. GLAST is expressed in astrocytes in the cerebellum and the forebrain regions, including the cerebral cortex and hippocampus \[[@B38]\]. A genetic abnormality of glutamate transporter was previously found in patients with schizophrenia \[[@B45], [@B46]\]. In addition, the GLAST expression is decreased in patients with schizophrenia as compared to healthy subjects according to a postmortem schizophrenic brain analysis \[[@B47]\]. Considering these previous results regarding the relationship between an impaired blood flow and glutamate in schizophrenia, retinal vasodilation in GLAST^−/−^ mice may be somehow related to the abnormal extracellular concentration of glutamate in this animal model.

Several limitations associated with the present study warrant mention. First, although we speculate the photoreceptor damage may have been induced by oxidative stress in GLAST^−/−^ mice, we did not measure the levels of glutathione and oxidative stress in the retina quantitatively. Further studies will be needed in order to clarify whether or not oxidative stress is actually increasing in the retina of GLAST^−/−^ mice. Second, the diameter of the retinal blood vessels may have been genetically determined to be large due to the mechanisms other than the high concentration of glutamate in GLAST^−/−^ mice. Therefore, whether or not an impaired glutamate uptake really causes vasodilation in the retina of GLAST^−/−^ mice should be clarified. Third, it is not clear whether the sharply demarcated shadows appeared in SD-OCT correspond to the inner or outer diameters of the vessels. Because recently advanced OCT angiography technique detects intravascular red blood cells, it is probable that the vessel shadows correspond to the inner diameters of the vessels. However, this point needs to be further clarified by studies including functional evaluation, such as flow measurement. Forth, we also need to clarify whether the retinal vascular dilation is associated with oxidative stress. It has been reported that cigarette smoking may cause retinal vein dilation \[[@B48]\]. Because cigarette smoking is considered to increase the risk of cardiovascular diseases via oxidative stress \[[@B49], [@B50]\], it is not contradictory to speculate that oxidative stress is related to retinal vascular dilation in some conditions.

In conclusion, we observed the dilation of the retinal blood vessels and thinning of the ONL, in addition to the thinning of the GCC in GLAST^−/−^ mice. We hypothesize that the impaired uptake of extracellular glutamate into Müller calls may cause dilation of the retinal blood vessels and damage to the GCC and photoreceptors in GLAST^−/−^ mice. Further studies are needed to clarify these hypotheses.
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![Representative fundus pictures of C57BL/6J (a--e) and GLAST^−/−^ (f--j) mice. (a--e) The fundus findings at postnatal (P) 22, P36, P72, P106, and P148 of C57BL/6J mice, respectively. (f--j) The fundus findings at P22, P44, P80, P114, and P156 of GLAST^−/−^ mice, respectively. Circles indicate the line at which the SD-OCT images were created.](BMRI2019-6512195.001){#fig1}

![Magnified fundus pictures of C57BL/6J and GLAST^−/-^ mice. The rectangular area in each panel (a, d, e, and h) is magnified in the inset (b, c, f, and g, respectively). Panels a and c correspond to the fundus findings at P36 and P72 of C57BL/6J mice, respectively. Panels b and d correspond to the fundus findings at P44 and P80 of GLAST^−/-^ mice, respectively. The square represents 250  *μ*m × 250 *μ*m in panels (a) through (d). All insets are the same magnifications. Arrows indicate capillaries.](BMRI2019-6512195.002){#fig2}

![Representative SD-OCT images of C57BL/6J (a--e) and GLAST^−/−^ (f--j) mice. (a--e) The fundus findings at P22, P36, P72, P106, and P148 of C57BL/6J mice, respectively. (f--j) The fundus findings at P22, P44, P80, P114, and P156 of GLAST^−/−^ mice, respectively.](BMRI2019-6512195.003){#fig3}

![The longitudinal changes in the thickness of the retinal layers. Open circles, C57BL/6J; closed circles, GLAST^−/−^ mice. (a) Thickness changes in the combined retinal nerve fiber, ganglion cell and inner plexiform layers. (b) Thickness changes in the combined inner nuclear and outer plexiform layers. (c) Thickness changes in the outer nuclear layer. (d) Thickness changes in the combined inner segment and outer segment layers. (e) Thickness changes in the combined the retinal pigment epithelium and choroid. Animal numbers: GLAST^−/−^, P22 (*n* = 6), P44∼P114 (*n* = 4), P156 (*n* = 5); C57BL/6J, P22∼P148 (*n* = 4). Statistical significance: ^*∗*^*P* \< 0.05; ^*∗∗*^*P* \< 0.01 (Student\'s *t*-test).](BMRI2019-6512195.004){#fig4}

![Light microscopic findings by hematoxylin and eosin staining of C57BL/6J (a and c) and GLAST^−/−^ (b and d) mice. (a, c) The C57BL/6J at P66 and P120, respectively. (b, d) The GLAST^−/−^ at P67 and P128, respectively. Red arrows indicate the ganglion cell complex. Blue arrows indicate the outer nuclear layer. Bars indicate 50 *μ*m.](BMRI2019-6512195.005){#fig5}

![Representative fundus picture (a) and SD-OCT image (b) indicating the method of measuring the retinal vessel diameter using the ImageJ® software program.](BMRI2019-6512195.006){#fig6}

![The longitudinal changes in the median of the retinal vessel diameter. Open circles, C57BL/6J; closed circles, GLAST^−/−^ mice. Animal numbers: GLAST^−/−^, P22 (*n* = 6), P44∼P114 (*n* = 4), P156 (*n* = 5); C57BL/6J, P22∼P148 (*n* = 4). Statistical significance: ^*∗*^*P* \< 0.05; ^*∗∗∗*^*P* \< 0.001 (Mann--Whitney *U*-test).](BMRI2019-6512195.007){#fig7}
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